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Summary 
The heat transfer to simulated Shuttle thermal 

protection system tiles was investigated experimen- 
tally by using a highly instrumented metallic thin- 
wall tile arranged with other metal tiles in a stag- 
gered tile array. This study extends previous efforts 
by including the effect of the flow angularity on lo- 
calized heating in the upstream tile corner and “T” 
gap (an arrangement in which longitudinal gaps ter- 
minate at intersections with transverse gaps). Flow 
angles investigated include O’, 15’, 30°, 45’, and 60’. 
Cold-wall heating-rate data for laminar and turbu- 
lent flow were obtained in the Langley 8-Foot High- 
Temperature Tunnel at a nominal Mach number of 7, 
a nominal total temperature of 3300°R, a free-stream 
unit Reynolds number from 3.4 x lo5 to 2.2 x lo6 per 
foot, and a free-stream dynamic pressure from 2.1 to 
9.0 psia. Experimental data are presented to illus- 
trate the effects of flow angularity and gap width on 
both local peak heating and overall heating loads. 
For the conditions of the present study, the results 
show that localized and total heating are sensitive 
to changes in flow angle only for the test conditions 
of turbulent boundary-layer flow with high kinetic 
energy and that a flow angle from 30’ to 50’ will 
minimize the local heating. 

Introduction 
The Space Shuttle orbiter was designed for a 100- 

mission life with minimal refurbishment between mis- 
sions (ref. 1). In order to meet this requirement, the 
current Shuttle design uses several methods of ther- 
mal protection (refs. 2 and 3) to insulate the alu- 
minum primary structure from the extremely hos- 
tile aerodynamic environment. The primary thermal 
protection system (TPS) is a reusable surface insu- 
lation (RSI) made up of fibrous silica-based material 
tiles with a high-emissivity coating. 

The Shuttle RSI tiles are nominally 6 by 6 by 
2.5 in. The actual thickness is varied according 
to the expected heat load. The outer surface of 
the RSI must withstand temperatures of approxi- 
mately 3060’R on the bottom surface of the orbiter 
and maintain a primary structure temperature be- 
low 810’R during entry into the Earth’s atmosphere. 
The RSI is bonded to a strain isolator pad that is 
then bonded to the primary structure of the Shut- 
tle. The RSI tiles are applied to the surface with 
gaps (nominally 0.045 in.) between the tiles to ac- 
commodate thermal expansion and contraction and 
mechanical deflection of the underlying structure as 
well as to allow for thermal expansion of the tile ma- 
terial. The gaps between the tiles locally disrupt the 
external boundary layer and, therefore, increase the 

aerodynamic heating during entry. To reduce the 
heat load on the lower surface of the Shuttle, the 
tiles are arranged in a staggered pattern with the tile 
leading edges swept 45’ relative to the Shuttle cen- 
terline. However, during atmospheric entry the local 
flow angle varies relative to the tile leading edge. 

Previous aerothermal tests (refs. 4 to 10) on sim- 
ulated Shuttle tiles provided a data base of localized 
and overall heating on the tiles. The localized heat- 
ing affects the tile coating life, whereas the overall 
heating affects the structural integrity of both tile 
and primary structure. From this data base, corre- 
lations were develop3d for localized heating effects 
as influenced by boundary layer and gap geometry. 
More recent research described in reference 11 ex- 
tended the data base for localized heating in the 
“T” gap region (an arrangement in which longitu- 
dinal gaps terminate at intersections with transverse 
gaps) with more detailed measurements. Empirical 
relationships, which were developed from the entire 
data base, successfully predicted the effects of tile 
geometry and of laminar- and turbulent-flow param- 
eters on the localized heating in the “T” gap region 
for flow aligned at 0’ relative to the longitudinal gap. 

The present experimental study extends the data 
base further to include the effect of flow angularity 
on localized and overall heating in laminar and tur- 
bulent flow. Cold-wall heating rates were obtained in 
the Langley 8-Foot High-Temperature Tunnel (occa- 
sionally referred to herein as the 8’ HTT) at a nom- 
inal Mach number of 7, a nominal total tempera- 
ture of 3300’R, a free-stream unit Reynolds num- 
ber from 3.4 x lo5 to 2.2 x lo6 per foot, and a free- 
stream dynamic pressure from 2.1 to 9.0 psia. When 
the flow angle is included as a parameter, another 
high localized heating region is created on a tile up- 
stream corner in addition to the “T” gap region. The 
flow angles tested included O’, 15’, 30°, 45’, and 
60’. In addition, the effects of boundary-layer state, 
Reynolds number, and gap width on localized and 
overall heating were investigated. The need for de- 
tailed distributions in the localized heating regions, 
as well as for overall heating distributions, required 
the installation of a large number of thermocouples 
in a small thin-wall model. A new fabrication tech- 
nique (ref. 12) was developed to construct a Nicu- 
loy 22l electrolessly plated thin-wall model instru- 
mented with 256 one-wire thermocouples. 

Symbols 
B distance from tile bottom edge to tile 

center (fig. 11), in. 

Niculoy 22: Registered trademark of Shipley Company, 
Inc. 
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corr corrected 

FP flat plate 
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RSI reusable surface insulation 

TC thermocouple 
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specific heat of Niculoy 22, Btu/lbm- 
“R 

tile height, in. 

gap length (see fig. 5 ) ,  in. 

local Mach number 

ratio of static pressure to pitot pres- 
sure in test stream 

total heat load to tile, Btu/sec 

heating rate, Btu/ft2-sec 

free-stream dynamic pressure, psia 

local Reynolds number based on 
distance from leading edge of panel 
holder to center of instrumented tile 

model distance from centerline of 
tunnel nozzle, in. 

distance around perimeter of tile, in. 

temperature, OR 
ratio of tunnel test section to com- 
bustor stagnation temperature in test 
stream 

total temperature in combustor, OR 

time, sec 

gap width (see fig. 5), in. 

thermocouple coordinate system 
(fig. 7), in. 

angle of attack, deg 

flow angle relative to longitudinal gap, 
deg 

density of Niculoy 22, lbm/ft3 

model wall thickness, ft 

Experimental Apparatus and Procedures 
Test Facility 
The Langley 8-Foot High-Temperature Tunnel 

(formerly the Langley 8-Foot High-Temperature 
Structures Tunnel; see fig. 1) is a large blowdown 
facility that simulates aerodynamic heating and pres- 
sure loading at a nominal Mach number of 7 at al- 
titudes between 80000 and 120000 ft. The high en- 
ergy needed for this simulation is obtained by burn- 
ing a mixture of methane and air under pressure 
in the combustor and expanding the products of 
combustion through a conical-contoured nozzle into 
the free-jet test chamber. The flow enters a super- 
sonic diffuser in which the air ejector pumps the flow 
through a mixing tube and exhausts the flow to the 
atmosphere through a subsonic diffuser. This tunnel 
operates at combustor total temperatures between 
2400’R and 3600’R, free-stream dynamic pressures 
from 250 to 1800 psf, and free-stream unit Reynolds 
numbers per foot from 0.3 x lo6. The tunnel has an 
8-ft-diameter free-jet test section, and the test stream 
has a 4-ft-diameter core in which the test conditions 
are uniform. Figure 2 shows typical Mach number, 
temperature, and pressure distributions radially from 
the center of the test stream (tunnel centerline) for 
one test condition (total pressure in combustor of 
1025 psia and Tt+ = 3000’R). 

The panel holder containing the model is stored 
in the pod below the test stream to protect it from 
adverse tunnel start-up transients and acoustic loads. 
Once the desired flow conditions are established, the 
panel holder is inserted into the test stream on a hy- 
draulically actuated elevator in approximately 1.5 sec 
to approximate a step heat input to the model. A 
panel-holder pitch system provides an angle-of-attack 
range from -20’ to 20’. More detailed informa- 
tion about the 8’ HTT can be found in references 13 
to 15. 

The panel holder (figs. 3 and 4) can accommodate 
test panels up to 42.5 by 60 in. (See refs. 13 and 14.) 
The aerodynamic surface ahead of the model consists 
of 1-in-thick low conductivity tiles and a 3/8-in-thick 
steel plate. Aerodynamic fences provide uniform two- 
dimensional flow over the entire aerodynamic surface. 
A blunt leading edge with a radius of 0.374 in. is used 
on the panel holder to promote a low-energy lam- 
inar boundary layer, and a blunt or sharp leading 
edge with a lateral row of 0.09-in-diameter spheri- 
cal boundary-layer trips is used to produce a low- or 
high-energy turbulent boundary layer (respectively) 
over the aerodynamic surface of the panel holder. 
The designations “low- and high-energy boundary 
layers” used herein refer to the available energy in 
the boundary layer. Low-available-energy boundary 



layers are created when the approaching flow field 
passes through a nonisentropic normal shock ahead of 
a blunt leading edge. High-available-energy bound- 
ary layers are created when the approaching flow 
passes through a nearly isentropic oblique shock at- 
tached to a sharp leading edge. The leading edge of 
the model was located 61.1 in. from the blunt lead- 
ing edge of the panel holder and 62.7 in. from the 
sharp leading edge of the panel holder. 

Model and Instrumentation 
The model used in this study consisted of a metal- 

lic tile array to simulate the reusable surface insula- 
tion (RSI) of the thermal protection system (TPS) of 
the Space Shuttle. Metallic tiles were used in lieu of 
RSI tiles because of their ease to handle and instru- 
ment. The tile material has no effect on the cold-wall 
heating rates at these test conditions. The 20- by 20- 
by 2.5-in. tile array (fig. 5) was basically the same 
array as that used in reference 11, except that the 
5.9- by 6.4-in. center tile was replaced with a highly 
instrumented tile (fig. 6) and the two stainless-steel 
thin-wall tiles were not used to obtain data. The 
remaining tiles were solid aluminum blocks and all 
tiles had 0.10-in. edge radii. All the tiles were bolted 
to a 0.13-in-thick stainless-steel plate and sealed to 
prevent flow under the tiles. Slotted bolt holes per- 
mitted adjustments of the tile positions to vary gap 
width with respect to the center tile. The gap widths 
W studied were 0.040, 0.070, 0.120, and 0.160 in. 
with longitudinal and transverse gap widths equal. 
The tile array was mounted in a turntable that al- 
lowed the flow angle A to be varied to Oo, 15O, 30°, 
45', and 60' with respect to the longitudinal gap. 

Conventional fabrication techniques used for the 
stainless-steel thin-wall tiles in reference 11 were not 
employed because of the following: (1) a high con- 
centration of instrumentation in localized heating re- 
gions, such as in the corners and edges, was desired, 
and (2) a uniform tile thickness along the tile cor- 
ners and edges could not be achieved. Consequently, 
a new electrolessly plated nickel process (ref. 12) was 
developed to fabricate a tile with high-density in- 
strumentation, as shown in figures 6 and 7 (rotated 
90' counterclockwise relative to fig. 5). The process 
was an extension of techniques developed under a 
NASA Johnson Space Center contract (ref. 16) to 
fabricate a small electrolessly plated nickel model in- 
strumented with one-wire thermocouples. The small- 
diameter (0.005 in.) one-wire thermocouples permit- 
ted a higher concentration of instrumentation with 
reduction in thermal losses through the wire than 
can be obtained with standard two-wire techniques. 

The new fabrication technique used six steps 
to produce a mandrel with 256 precisely located 

constantan thermocouple wires protruding from the 
mandrel. Niculoy 22 was then electrolessly plated 
over the mandrel to one-half the tile thickness 
(0.0125 in.). The protruding thermocouple wires 
were clipped and polished smooth with the tile sur- 
face, and a second 0.0125-in. layer of Niculoy 22 was 
plated on the surface. A typical cross section of a 
thermocouple junction is shown in the insert of fig- 
ure 7. Finally, the mandrel was melted away leaving 
a free-standing thin-wall shell. As seen in figure 7 
and table I, the thermocouples were located on all 
tile surfaces with concentrations in known localized 
high heating zones. 

Test Procedures and Conditions 
The wind-tunnel equilibrium flow conditions were 

established and then the model, installed in the panel 
holder, was inserted into the test stream. The model 
was pitched to the desired angle of attack before in- 
sertion into the test stream. The model was exposed 
to the flow approximately 2 sec to avoid exceeding 
the 960°R temperature limit of the thin-wall tile, to 
minimize thermal gradients and attendant thermal 
stresses, and to minimize conduction errors. 

A total of 26 tests were conducted; 8 were with 
laminar flow and 19 were with turbulent flow. Ta- 
ble I1 outlines the tunnel flow conditions, the cor- 
responding panel holder, and the model geometry. 
The free-stream tunnel conditions were determined 
from temperatures and pressures measured in the 
combustor and are based on the thermal and trans- 
port properties of methane-air combustion products, 
as reported in reference 17 and in the panel-holder 
surveys of reference 14. Figure 8 shows typical Mach 
number profiles on the panel holder for three test con- 
ditions. Data for these profiles were obtained from 
a boundary-layer probe shown in figures 3 and 4, 
and the Mach numbers were calculated by using the 
Rayleigh pitot equation with ratio of specific heats 
for the flow media. Test 2 represents laminar-flow 
conditions, test 16 represents low-energy turbulent 
flow, and test 17 represents high-energy turbulent 
flow. For turbulent flow, a considerable difference in 
the boundary-layer Mach number exists between the 
low- and high-energy flows. At a distance 0.070 in. 
(nominal experimental gap width) above the aerody- 
namic surface, the Mach number for low-energy tur- 
bulent flow is 0.9 and 2.6 for high-energy turbulent 
flow. The calculated local Mach numbers (blunt-nose 
calculations use normal-shock entropy) at the edge of 
the boundary layer are shown by the tick marks in 
figure 8. 

The top surface of the instrumented tile was 
intended to be flush mounted with the other tiles 
for all tests; however, a posttest check indicated that 
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a nominal step height of 0.035 in. was present for 
test 19. The effect of a step height will be reported 
subsequently in the “Results and Discussion” section. 

Measurement Technique 
Cold-wall heating-rate data were calculated from 

the output of 256 constantan one-wire thermocou- 
ples with an ambient reference temperature junction. 
The junction was located in a thermally isolated box 
inside the panel holder. The tile wall served as the 
other thermocouple wire to complete the thermocou- 
ple circuit, thereby forming a Niculoy 22/constantan 
thermocouple. Since calibrations published in refer- 
ence 16 and repeated here in figure 9 showed the ther- 
moelectric properties of Niculoy 22/constantan to be 
very similar to copper/constantan (within f 2  per- 
cent at the temperature range considered), the prop- 
erties of the latter were used to reduce the data. 

Data Reduction 
The tile heating response at the “T” gap indicated 

that the maximum heating rate occurred before the 
model reached the tunnel centerline but after the 
model reached the edge of the core of uniform flow 
24 in. from the tunnel centerline. (See fig. 10.) The 
cold-wall heating rates presented herein were taken 
at the time when the peak heating rate occurred in 
the “T” gap region. 

Model and tunnel data were recorded by a high- 
speed digital recorder at 20 frames per second 
through 10-Hz filters. Cold-wall heating rates were 
calculated from these outputs by using the one- 
dimensional transient heat-balance equation Q = 
pcp.r(dT/dt), where dT/dt was determined from a 
5-point central difference approximation to smooth 
out noise in the data channels. 

The one-dimensional heat-balance equation 
equates the convective heat transfer to the sur- 
face to the energy stored, with the effect of con- 
duction and radiation assumed to be negligible. 
These assumptions are considered reasonable since 
the temperature-time slopes were taken early in the 
tests when the surface temperatures and spatial gra- 
dients were relatively low. Also, the relative magni- 
tude of the effect of neglecting the conduction and 
radiation terms can be calculated by including these 
terms in the heat-balance equation and then delet- 
ing the terms individually. This analysis indicated a 
maximum error in the heat flux of less than 17 per- 
cent in the high-temperature-gradient “T” gap region 
and of approximately zero in all other areas. 

To calculate the total heat load to the simulated 
Shuttle tile from the experimental data, it was nec- 
essary to interpolate first the data to a regular grid 

(ref. 17) to permit the use of standard numerical 
integration techniques. The center tile was instru- 
mented with 256 thermocouples on the top and the 
four vertical sides to within 0.5 in. of the bottom of 
the intertile gap. Each surface was gridded in in- 
crements of 0.1 in.,,and the limited number of ther- 
mocouples was located to the best advantage on this 
grid. Most of the thermocouples were concentrated 
along the tile edges and in the other areas where high 
thermal gradients were expected. The rest were scat- 
tered sparsely over the remaining areas of the tile to 
complete coverage of the tile surface. The resulting 
distribution of test data was very irregular, and tech- 
niques for random data were employed to interpolate 
the data to a regular grid separately for each face. An 
algorithm developed by Akima (ref. 18) was used to 
perform a triangulation of the data and to generate 
a temperature surface through the two-dimensional 
array of data points. A fifth-degree bivariate poly- 
nomial was determined by estimated values of the 
partial derivatives at  the data points at the vertices 
of each triangle and was used to interpolate the data 
to the same grid used to locate the thermocouples. 

This algorithm proved to be sensitive to sparse 
data regions. For several test cases, undulations were 
present in the interpolated data in regions where the 
approximating surface to the data was expected to 
be uniform. To remedy the situation, the data were 
interpolated to a coarse grid derived from the fine 
grid but designed to avoid the areas where the Akima 
algorithm did not perform well. The grid lines of the 
original grid with 0.1 in. resolution were examined 
individually. Any line with three or more data points 
whose distribution along the line spanned one-half 
to two-thirds of the total distance across the tile 
was included in the new grid. As a result, the grid 
lines were unequally spaced in both 1: and y, with 
the majority of grid lines being concentrated in the 
data-rich areas and with only a few in the data-sparse 
areas. To enrich the data-sparse areas, this relatively 
coarse grid was interpolated back to the original fine 
grid by using bicubic splines. 

The interpolated data were checked at each step 
to make sure that the new values were consistent 
with the measured values. Agreement between the 
interpolated and measured values was very good in 
most cases. Most discrepancies were the result of 
the lack of data on the vertical sides due to either 
thermocouple failure or to an insufficient number 
of data points to resolve the high gradients in the 
regions that experienced high heating rates. For 
instance, in the highly heated areas the heating rates 
tended to be overestimated since the slope of the 
surface generated for interpolation did not decrease 
rapidly enough. However, this problem was limited 
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to very small areas of the tile and did not contribute 
a significant error to the total heating rate of the 
tile. The thermocouples that failed during the test 
series were located near the lower edge of the grid 
on the vertical sides. Since fewer thermocouples 
were originally installed in these areas, their failure 
produced a serious lack of data for larger areas of the 
sides. Rather than extrapolate data to these areas, 
reasonable estimates for these thermocouples were 
substituted instead. 

The interpolated data on the fine grid were then 
integrated by using a nine-point two-dimensional 
Simpson’s rule. This algorithm is exact for cubic 
polynomials so that the accuracy of the method in 
this case depends on the accuracy to which the cubic 
splines represent the surface defined by the heating- 
rate data. Except for the edges that were averaged, 
each surface of the tile was integrated separately. 
The total heating rate was calculated by adding the 
contribution from each face. 

The experimental data are presented as nondi- 
mensional ratios of the experimental heating rates 
and a corresponding theoretical flat-plate heating 
rate. The theoretical flat-plate heating rates were 
based on Eckert’s reference temperature and were 
used instead of calibration data to account for vari- 
ations in the tunnel flow conditions. Also, the theo- 
retical values agreed well with flat-plate calibration 
data. The flat-plate total heat loads were obtained by 
multiplying the theoretical flat-plate heating rate by 
the top surface area of the instrumented tile. These 
data are presented in table 111. 

Results and Discussion 
Aerodynamic Heating in Laminar Flow 
Tests were conducted under laminar-flow condi- 

tions to identify overall and local flow characteristics 
and to determine the effects of gap geometry on the 
magnitude and distribution of convective heating in 
the “T” gap region and on the upstream corner. All 
the laminar data were obtained at a nominal Tt,c of 
3100’R, a nominal qoo of 2.2 psia, and at a = 0’. In 
this section the stem of the “T” will be defined as 
the longitudinal gap and the cap of the “T” will be 
defined as the transverse gap. 

Localized heating. Typical aerodynamic heating- 
rate distributions on the upstream corner and the 
“T” gap are shown for laminar flow in figure 11 
for A = Oo, 45’, and 60’ with W = 0.070 in. and 
A = 45’ with W = 0.160 in. The heating rates 
along the intersection of sides 1 and 4 (see fig. 7) 
to the center of the top surface and at the “T” gap 
region to the tile center are nondimensionalized by 

the flat-plate heating rate. The low heating rates 
in the gaps indicate that hot gas from the laminar 
boundary layer does not readily penetrate the gaps. 
At a value of B I H  of approximately 0.9 and A = 45’ 
(fig. ll(b)), the heating rates increase rapidly and 
peak at approximately 2.0 times the flat-plate value 
on the top surface just behind the tile edge radius. 
Apparently, for laminar flow most of the flow bridges 
the gap and attaches on the top surface. F’rom this 
attachment point the heating decreases to the flat- 
plate value. For A = 60’ (fig. ll(c)), the heating 
has a peak on the edge radius; however, it appears 
as though a disturbance caused the heating to begin 
increasing again on the top surface. This disturbance 
may actually be a transitioning of the laminar flow. 
It was noted in reference 11 that the gaps tend to trip 
the laminar flow to transitional flow. Considering 
these facts, it is felt that the increased heating on 
the top surface of the tile was caused by transitional 
flow. Therefore, in laminar flow only a small amount 
of relatively low energy flow enters the gap and most 
of the heating effect is confined to the portion of 
the gap near the top. This suggests that both gas 
temperature and velocity decay rapidly with distance 
from the surface. Previous results at A = 0’ (ref. 11) 
indicated similar results. 

In this report, thermocouples 1 and 9 were chosen 
to represent the heating characteristics in the corner 
and “T” gap regions, respectively. Thermocouples 1 
and 9 are located on the midarc of the corresponding 
edge radii. Other thermocouples in these regions 
show similar trends. 

The effects of flow angularity on the heating rates 
at the corner and “T” gap are shown in figure 12 for 
W = 0.070 in. The curves represhnt least-squares 
first-order polynomial fits to the data. Because of the 
low-energy content of the flow penetrating into the 
tile gaps, local heating rates are insensitive to flow 
angle changes from 0’ to 60’. In general, the heating 
at the “T” gap is greater than at the corner. Also, the 
heating increases slightly at the corner but remains 
relatively constant at the “T” gap with increasing 
A. 

The effect of gap width on heating rates at the 
corner and “T” gap are shown in figure 13 for A = 
45’. The data indicate that the local peak heating 
increases moderately because of increases in the gap 
width. The heating at the corner and “T” gap in- 
creases linearly with gap width and, for these tests, 
increases approximately 36 percent as the gap width 
is increased from 0.040 to 0.160 in. Previous studies 
(ref. 11) at a flow angle of 0’ and with the forward- 
facing tile wall sloped backward 15’ off vertical indi- 
cate that an increase in heating of 243 percent may 
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occur in the “T” gap region as the gap width is in- 
creased from 0.040 to 0.160 in. for laminar flow. 

Overall tile heating. Heating distributions on the 
front face and sides of the tile are shown in figures 14 
and 15, respectively. Typical heating distributions 
across the front face (side 1) of the instrumented 
tile at various depths near the top of the gap are 
shown in figure 14. Data are shown for A = O’, 45’, 
and 60’ with W = 0.070 in. and for A = 45’ with 
W = 0.160 in. In general, the heating is highest 
along the edge radius. When A = 0’ the heating 
across side 1 is fairly symmetrical. However, when 
the tile is rotated so that A = 45’ (fig. 14(b)), 
the heating increases along the gap length. From 
comparing figures 14(a) and 14(b) (with heating 
at locations y = 0.2, 0.3, and 0.6 in.), it is seen 
that the local heating is decreased because there 
is less flow in the longitudinal gap because of the 
rotation, and hence not as much flow is diverted 
down into the gap. When the tile is rotated such 
that A = 60’ (fig. 14(c)), the transverse gap is more 
nearly aligned with the flow. This produces a longer 
uninterrupted effective gap length, which allows more 
flow to penetrate into the gap. Therefore, the heating 
increases along the gap length and depth. 

A comparison between figures 14(b) and 14(d) 
(with A = 45’) also shows that an increase in W in- 
creases the heating in the gap. This was also shown 
in figure 13. In all cases there are deviations in the 
heating rates around the centerline of side 1, which 
is the intersection of the longitudinal and transverse 
gaps. The mixing of flow in these two gaps sets up 
a three-dimensional flow pattern that changes with 
any change in the geometric parameters. The block- 
ing tile forces flow over the top of the tile, deeper into 
the gaps, and in both directions in the transverse gap. 
This fluctuation in heating appears to be a local devi- 
ation from the characteristic two-dimensional flow for 
laminar flow reported in reference 11. The deviations 
were probably caused by local disturbances created 
by the “T” gap causing the local flow to be more 
three-dimensional. Limited data from reference 11 
show that this type of deviation in heating rates can 
occur for larger gap widths and forward-sloped walls 
(the same flow orientation as side 1). However, the 
deviations should be more severe for vertical walls. 

Peripheral distributions at three depths into the 
gap (y = 0.03,1.0, and 2.0 in.) are compared in 
figure 15, which shows data for A = O’, 45’, and 
60’ with W = 0.070 in. and for A = 45’ with W = 
0.160 in. The heating at y = 0.03 in. is considerably 
greater than at y = 1.0 and 2.0 in. This is also 
seen in figure 11 where the laminar boundary-layer 
data indicated that only a small amount of relatively 

low energy flow enters the gaps. Comparisons of 
the absolute heating levels are difficult because the 
heating levels are so low for y = 1.0 and 2.0 in. 
Heating distributions at y = 0.03 in. show that the 
heating on side 1 is greater than on sides 2, 3, and 
4, except when A = 60’ where side 4 is greater. 
With A = 60°, side 4 is more perpendicular to the 
flow; however, there is no gap perpendicular to side 4 
(“T” gap) to channel additional flow. The most likely 
explanation for this increased heating is that the tile 
adjacent to side 4 was slightly depressed, thus leaving 
a slight forward-facing step with flow impinging on 
that side at an angle of 30’. Small misalignments 
can cause considerable heating, as will be discussed 
in the subsequent section “Effect of forward-facing 
step on heating.” 

Overall heating distributions can best be seen in 
figure 16 in which interpolated heating rates are pre- 
sented in color graphic displays. Data are presented 
for A = O’, 45’, and 60’ with W = 0.070 in. and 
for A = 45’ with W = 0.160 in. The exploded 
views of the tile show the details on the hidden side- 
walls. The color scale below the figure relates the 
colors to the absolute and nondimensionalized heat- 
ing rate. The heating to the lower 1/2 in. of the 
tile is not displayed because all the thermocouples 
below that point were damaged during the fabrica- 
tion process. The representation of the tile heating 
in figure 16 shows that the heating to the tile is fairly 
uniform over the top surface for all cases. Note the 
scale changes because of varying heating levels. How- 
ever, for A = 60’ the top surface heating is almost 
twice that of A = 0’ (figs. 16(a) and 16(d) and ta- 
ble 111). This phenomenon will be discussed later. 
Once again, observe that the heat input to the side- 
walls is low because of the low-energy content of the 
flow in the gaps. With flow angles of 45’ (figs. 16(b) 
and 16(c)), no significant change in the heating dis- 
tribution is seen from A = O’, thus indicating the in- 
sensitivity of the heating in laminar flow to changes 
in A. Note that there is no increase in heating to 
side 1 due to the upstream “T” gap with flow an- 
gles of O’, 45’, and 60’. These data substantiate 
previous findings in which the laminar external flow 
that penetrates into the gaps creates a basically two- 
dimensional heating distribution. 

The heating rates were numerically integrated 
over the tile surface to get the heat load to each 
surface and the total heat load to the tile. Surface 
and total heat loads are given in table 111. The effect 
of flow angularity on the total heat load to the tile 
is shown graphically in figure 17 for W = 0.070 in. 
The total heat load is nondimensionalized by the 
total heat load for a flat plate with the planform 
area equal to the tile top surface. The total heat 
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load to the tile remains relatively constant at an 
average of twice the flat-plate value. It is important 
to note that the surface areas of the four sidewalls 
represent 62 percent of the total surface area. This 
large surface area results in the increased total heat 
load to the tile over the flat-plate value even with the 
very low heating rates. For instance, at A = 45’ the 
total heat load to the tile is 1.83 times the equivalent 
flat-plate heat load, with approximately 1.43 times 
QFP of the heat load from the top surface and 0.40 
times QFP from the sidewalls. At A = 60’ the total 
heating on the top surface increased dramatically 
(table 111) to produce a total heat load 3.1 times the 
flat-plate load. This increase is due to an increase in 
surface heating, not to an increase of heating in the 
gaps. Since the heating is greater than laminar but 
less than turbulent levels, the flow is believed to be 
transitional. 

The effect of gap width W on the total heat load 
is shown in figure 18 for A = 45’. The total heating 
appears to decrease as the gap width is increased 
from 0.040 to 0.160 in. This trend reflects events 
happening to the top surface as the sidewall heating 
is essentially constant. No great significance is placed 
on this trend because of the limited data, and the 
deviation over the gap-width range is within the 
accuracy of the measurement technique. 

Aerodynamic Heating in Turbulent Flow 
Tests were conducted under turbulent-flow condi- 

tions to identify overall and local flow characteristics 
and to determine the magnitude and distribution of 
the convective heating in the “T” gap region and 
on the upstream corner as affected by gap geometry. 
Turbulent-heating data were collected with a nomi- 
nal Tt,c of 3200’R, qm between 1.8 and 9.0 psia, and 
a = 0’ or 7.5’. Data are presented for a nominal 
qm of 2.2 psia with a blunt leading edge on the panel 
holder (designated low-energy turbulent flow that re- 
sults from the nonisentropic normal shock ahead of 
the blunt leading edge) and for a qm = 3.5 psia 
with a sharp leading edge on the panel holder (des- 
ignated high-energy turbulent flow that results from 
the nearly isentropic oblique shock attached to the 
sharp leading edge). One test with a nominal step 
height of approximately 0.035 in. is discussed at the 
end of this section. 

Localized heating. Typical aerodynamic heat- 
ing distributions on the upstream corner and the 
“T” gap are shown for turbulent flow in figures 19 
and 20 for A = O’, 45’, and 60’ with W = 0.070 in. 
and for A = 45’ with W = 0.160 in. The heat- 
ing rates along the intersection of sides 1 and 4 to 

the center of the top surface and at the “T” gap 
region to the tile center are nondimensionalized by 
the flat-plate heating rate. Heating distributions for 
low-energy turbulent flow (fig. 19) are similar to lam- 
inar flow in that the flow does not readily penetrate 
the gaps. Above B / H  = 0.9 the heating rates in- 
creased rapidly and peaked on the top edge radius 
or just behind the radius. The peak heating was ap- 
proximately equivalent to the theoretical flat-plate 
heating rate at the center of the tile. Laminar flow 
peaked at higher ratios; however, the absolute val- 
ues were lower. Heating distributions on the the up- 
stream corner and the “T” gap are characterized for 
high-energy turbulent flow in figure 20. Data are pre- 
sented for W = 0.070 in. and A = O’, 45’, and 60’. 
At B / H  = 0.9, heating increased very rapidly and 
peaked on the top edge radius and the top surface. 
The magnitude of the peak heating is considerably 
different from the heating in laminar flow and low- 
energy turbulent flow. In high-energy turbulent flow 
the impinging flow produces a well-defined region of 
high localized heating. This will be discussed subse- 
quently in more detail. For A = O’, flow in the lon- 
gitudinal gap impinged directly on the instrumented 
front face and, therefore, produced the highest lo- 
calized impingement heating. The peak heating in 
the “T” gap region was 9.5 times the flat-plate heat- 
ing rate. However, the flow did not impinge directly 
on the corner, and hence the heating was equivalent 
to the flat-plate heating. As the flow angle was in- 
creased, the heating in the “T” gap was drastically 
reduced and the corner heating was increased. This 
will be discussed in greater detail later. However, 
in all cases the heating quickly returned to a uni- 
form heating value equivalent to the flat-plate heat- 
ing value. 

As in the results from reference 11, the maxi- 
mum heating occurs somewhere on the edge radius. 
Herein, thermocouples 1 and 9 were chosen again to 
represent the maximum heating in the corner and 
“T” gap regions, respectively. Thermocouples 1 and 
9 are located on the midarc of the corresponding edge 
radii. Other thermocouples in these regions show 
similar trends. 

The effects of flow angularity on the heating rates 
at the corner and “T” gap are shown in figure 21 
for W = 0.070 in. As for laminar flow, low-energy 
turbulent flow produces heating that is relatively in- 
sensitive to increases in flow angle. However, for 
high-energy turbulent flow, increasing the flow angle 
from 0’ to 60’ significantly reduces the high local- 
ized heating in the “T” gap region by decreasing the 
amount of flow in the longitudinal gap, thus decreas- 
ing the flow impinging in the “T” gap region. At a 
flow angle of O’, the maximum heating in the “T” 
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gap region was 9.5 times the flat-plate heating rate. 
The heating decreases rapidly with increasing flow 
angle to a minimum measured value of 1.9 times the 
flat-plate heating at a flow angle of approximately 
45'. The heating in the "T" gap at A = 60' has 
increased to approximately 2.1 times the q ~ p .  This 
increase in heating is attributed to increased flow in 
the transverse gap as the external flow becomes more 
closely aligned with the transverse gap. The results 
from reference 7 show significant increased heating 
for aligned tile arrays (A = 90'). 

The corner heating is lowest for a flow angle of 
15' and reaches a peak value 3.2 times the flat- 
plate heating rate at A = 60'. Similar to the 
"T" gap heating, the corner heating would probably 
continue to increase as A exceeded 60' because the 
continuous transverse gaps would allow significant 
entrained flow and attendant increased heating at 
the corner and on the sidewalls. The data suggest 
orienting the tile so that the local flow angle is 
between 30' and 50' to minimize the high localized 
heating. The baseline Shuttle tile orientation of 45' 
provides some margin to accommodate local flow- 
angle changes during entry. 

Previous studies for turbulent flow with A = 
0' indicate that the peak heating in the "T" gap 
increases with approximately the 0.4 power of the 
gap width (ref. 11). Present laminar-flow data at 
A = 45' (fig. 13) indicate a 36-percent increase in 
heating when W is increased from 0.040 to 0.160 in. 
However, present low-energy turbulent-flow data at 
A = 45' (fig. 22) indicate that heating in the corner 
and "T" gap region (TC-1 and TC-9, respectively) 
decreases with increasing gap width. This trend is 
also supported by data on the upper left side of side 1. 
(See cross-hatched area of figure insert.) However, all 
other data (for example, TC-127) on the front face 
show an upward trend with increasing gap width. 
This decreased heating at A = 45' is therefore a 
local heating effect. The upstream tile corner may be 
raised slightly or may be creating a flow disturbance 
that influences this area. These disturbances could 
also contribute to the deviations in the data. 

Overall tile heating. Heating distributions at 
various gap depths are shown in figures 23 to 26. 
These figures also support the conclusions reached in 
the previous section. Typical heating distributions 
across the front face (side 1) of the instrumented tile 
at various depths near the top of the gap are shown 
in figure 23 for low-energy turbulent flow. Data are 
shown for A = O', 45', and 60' with W = 0.070 in. 
and for A = 45' with W = 0.160 in. These data 
show the same trends as those seen in laminar flow. 
The nondimensionalized heating levels are less than 

those in laminar flow; however, the absolute levels are 
higher. The heating is highest along the edge radius. 
In this case heating along the midarc does not have 
the symmetrical behavior expected for A = 0'. When 
the tile is rotated so that A = 45' or 60°, the heating 
increases with gap length (increasing S). Also, the 
heating down in the gap is decreased as A increases. 

Heating distributions near the top of the gap 
on side 1 for high-energy turbulent flow are shown 
for W = 0.070 in. and A = O', 45', and 60' in 
figure 24. The heating distributions vary over a 
much wider range than in the low-energy laminar- 
or turbulent-flow cases. A slight tile misalignment 
probably caused the unsymmetrical behavior of the 
edge-radius data when A = 0'; otherwise the front- 
face heating is symmetrical about the centerline as 
reported in reference 11. In contrast to low-energy 
laminar and turbulent flow, these data show a rela- 
tively uniform heating along the gap length (increas- 
ing S). Figure 24(c) shows a substantial increase 
in heating at the corner between S = 0 and 0.5 in. 
This increase was most likely caused by the corner 
of the instrumented tile slightly protruding out into 
the transverse gap. 

The peripheral heating distributions for low- 
energy turbulent flow at three depths into the gap 
(y = 0.03, 1.0, and 2.0 in.) are shown in figure 25. 
Again, the nondimensionalized heating levels for low- 
energy turbulent flow are comparable with laminar 
flow (fig. 15). However, in this case heating on side 1 
is always greater than heating on the other three 
sides. Also, at flow angles other than 0' for side 4 
and with y = 0.03 in., an increase in heating is seen 
as S increases to the upstream tile corner. 

High-energy turbulent-flow comparisons are 
shown in figure 26. Normalized data at and below 
y = 1.0 in. is very low, and this figure shows only the 
relative difference in magnitude between the heating 
at the three gap depths. For A = 0' (fig. 26(a)), the 
heating on sides 2 and 4 is equivalent. The condi- 
tion having sides 2 and 4 with A = 0' is the only 
arrangement in which the model has a symmetrical 
geometry. The high heating at the upstream corner 
is again seen when A = 45' and 60'. 

Overall heating distributions can best be seen 
in figures 27 and 28 in which interpolated heating 
rates are presented in color graphic displays. Data 
are presented for A = O', 45', and 60' with W = 
0.070 in. and for A = 45' with W = 0.160 in. for 
low-energy turbulent flow and for A = O', 45', and 
60' with W = 0.070 in. for high-energy turbulent 
flow. The exploded view of the tile shows the details 
on the hidden sidewalls. The color scale below 
the figures relates the colors to the absolute and 
nondimensionalized heating rate. The heating to the 
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lower 1/2 in. of the tile is not displayed because all 
the thermocouples below that point were damaged 
during the tile fabrication process. 

For low-energy turbulent flow, figure 27 shows no 
significant change in the heating patterns. An asym- 
metrical heating pattern is also shown in figure 27. 
This was caused by a tile misalignment that can best 
be seen in the high-energy turbulent data. Signifi- 
cant changes in the heating patterns as a function 
of A can be seen in figure 28 for high-energy turbu- 
lent flow. Because the localized heating regions occur 
over a small area, all heating rates above 20 Btu/ft2- 
sec are assigned to the color white. Note the scale 
changes (fig. 28) because of significant changes in 
heating levels. For A = 0’ (fig. 28(a)), the heat- 
ing on the top surface is generally uniform except 
along the edge where the top surface and side 1 in- 
tersect. This further illustrates the high flux gradi- 
ents shown in figures 20, 24, and 26. The increased 
heating contours for the sidewalls indicate that the 
turbulent flow penetrates farther into the gaps and 
has a higher energy content than low-energy laminar 
or turbulent flow. The highest localized heating (9.5 
times b p )  occurred at the center of the front face at 
the end of the “T” gap for A = 0’. The high heating 
to the right of the “T” gap was caused by a slight 
tile misalignment. The tile upstream of the instru- 
mented tile was depressed (detected after the test), 
resulting in a forward-facing step of 0.010 in. The sig- 
nificant heating difference on either side of the “T” 
gap illustrates the sensitivity of the heating to slight 
misalignments. The left and right sidewalls show ev- 
idence of deeper flow penetration into the gaps as the 
flow moves along a side (longitudinal) gap. At flow 
angles of 45’ and 60’ (figs. 28(b) and 28(c), respec- 
tively), the high localized heating to the “T” gap is 
significantly less than the heating for A = O’, and 
the overall heating levels also decreased. It appears 
in figure 28(c) that the heating in the corner has in- 
creased over the heating in the corner for A = 0’ 
(fig. 28(a)). Because of the scales, this is difficult 
to distinguish; however, subsequent figures will show 
this to be the case. 

As for laminar-flow tests, the local heating rates 
were numerically integrated over each surface to ob- 
tain total heat loads. The results are presented in 
table 111. The effect of flow angularity on the to- 
tal heat load to the tile is shown in figure 29 for 
W = 0.070 in. Although the heating rates for low- 
energy turbulent flow are approximately twice those 
for laminar flow, the trends show that the total heat- 
ing is insensitive to changes in flow angle. At A = O’, 
the total heat load to the tile for high-energy turbu- 
lent flow (fig. 29(b)) is 2.2 times the heat load to the 
equivalent flat-plate area. The top-surface heat load 

is 1.8 times the heat load to a smooth surface, and 
the total heat load to the four sidewalls is 0.4 times 
QFP. In contrast, at A = 45’ the total heat load 
to the tile is 1.37 times the flat-plate heat load, the 
heat load to the top surface is 1.29 times the flat- 
plate heating, and the sidewalls are 0.13 times QFP. 
The total heat load, as well as the heat load to the 
top and sidewalls, generally decreases with increas- 
ing flow angle. However, as indicated in figure 21 for 
the “T” gap region, the heating reaches a minimum 
between A = 30’ and 40’ as the flow angle is in- 
creased. As the flow angle is increased further, more 
flow penetrates into the transverse gap, thus increas- 
ing the sidewall heating and therefore the total heat 
load. As stated earlier, this increase is supported by 
reference 7 in which aligned tile arrays (A = 90’) ex- 
perienced a total heat load 40 percent higher than 
that of a staggered tile arrangement (A = 0’). In 
general, rotating the tile about the tile center surface 
normal decreases the heating to the tile, reduces the 
localized heating in the “T” gap region, and hence 
reduces the flow in the gaps, thus reducing the total 
heat load. 

The effect of gap width (0.040 to 0.160 in.) on 
the total heat load is shown in figure 30 for A = 
45’. As indicated by the least-squares first-order 
polynomial fit to the data, only a slight decrease in 
total heat load occurs with increasing W for low- 
energy turbulent flow (fig. 30(a)), as was the case 
with laminar flow. This result was not expected, 
but a localized heating region (upper left side of 
side 1) experienced the same effects at A = 45’. (See 
fig. 22.) Only two test points exist for high-energy 
turbulent flow (fig. 30(b)); however, the slope of the 
data indicates similar results. 

Efect of forward-facing step on heating. For 
test 19 the top surface of the instrumented tile was 
inadvertently installed higher than the surrounding 
tiles, thus producing a nominal forward-facing step of 
0.035 in. (one-half the gap width). Also, the two tiles 
upstream of the instrumented tile were not at exactly 
the same level; therefore, the heating on the instru- 
mented tile was not symmetric. The forward-facing 
step in high-energy turbulent flow with A = 0’ re- 
sulted in high heating along the entire top edge of 
side 1 instead of only the localized heating observed 
in the no-step case. The heating distribution across 
side 1 at various depths in the transverse gap is shown 
in figure 31(a). The high localized heating still ex- 
isted in the “T” gap region and decreased rapidly 
from this point to a relatively uniform level out to 
the vertical edges of the tile. The ratio of the heat- 
ing due to the forward-facing step to the heating with 
no forward-facing step shows the effect of a forward- 
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facing step on the front-face heating (fig. 31(b)). At 
S = 2.95 in. (centerline of side l), the heating ratio is 
approximately 1, thus indicating little effect on local 
“T” gap heating due to the step. However, the step 
permitted direct impingement of the external flow on 
the raised portion of the tile and increased mass flow 
in the transverse gap, hence causing higher heating 
away from the “T” gap region and at greater depths. 
The maximum local increase in heating due to the 
step was 3.9 times the heating for a no-step case and 
occurred near the tile corner. 

Concluding Remarks 
The heat transfer to simulated Shuttle thermal 

protection system tiles has been investigated exper- 
imentally by using a highly instrumented metallic 
thin-wall tile arranged with other metal tiles in a 
staggered tile array. This tile arrangement results in 
longitudinal gaps terminating at intersections with 
transverse gaps (referred to as “T” gaps). This study 
extends previous efforts by including the effect of 
the flow angularity on localized heating in the “T” 
gap and upstream tile corner. Flow angles investi- 
gated include O’, 15’, 30°, 45’, and 60’. Cold-wall 
heating-rate data (calculated by using the thin-wall 
technique) for laminar and turbulent flow were ob- 
tained in the Langley 8-Foot High-Temperature Tun- 
nel at a nominal Mach number of 7, a nominal total 
temperature of 3300°R, a free-stream unit Reynolds 
number from 3.4 x lo5 to 2.2 x lo6 per foot, and a 
free-stream dynamic pressure from 2.1 to 9.0 psia. 

For a laminar boundary layer, the overall heating 
data indicate that the flow penetrating the gaps has 
a low-energy content. In general, total heating is 
insensitive to changes in gap width and flow angle. 
Increasing the gap width when the flow angle is 45’ 
does not cause a variation on local heating that is as 
large as at a flow angle of Oo. The total heat load is 
approximately 60 percent greater than the equivalent 
flat-plate heat load; however, this increase is caused 
by the increased surface area from the sidewalls. 

Heating distributions obtained in low-energy tur- 
bulent boundary layers are similar to those obtained 
in laminar flow in that the flow penetrating the gaps 
has a low-energy content and does not produce high 
localized heating in the “T” gap region. Also, the 
local and total heating are relatively insensitive to 
changes in flow angle. The total heat load also de- 
creased slightly with increasing gap width, as was the 
case with laminar flow. 

For high-energy turbulent boundary layers, 
higher energy flow penetrated deeper into the gaps, 
thus creating higher localized heating at the corner 
and “T” gap regions than for low-energy laminar or 
turbulent flow. Increasing the flow angle with respect 

to the longitudinal gap significantly reduced the high 
localized heating in the “T” gap region and moder- 
ately increased the localized heating at the corner 
region. These data suggest orienting the tiles such 
that the local flow angle is between 30’ and 50° to 
minimize the localized heating. Misalignment of the 
instrumented tile, producing a maximum forward- 
facing step of one-half the gap width, resulted in high 
localized heating along the top edge of the front face 
of the tile. This illustrates the sensitivity of the heat- 
ing to surface misalignment in the form of forward- 
facing steps. For a gap width of 0.070 in. and no 
step, the total heat load to the tile was as much as 
36 percent greater than the heat load to the equiva- 
lent flat-plate area. In general, rotating the tile about 
the tile center surface normal decreases the heating 
to the tile, reduces the localized heating in the “T” 
gap region, and hence reduces the flow in the gaps, 
thus reducing the total heat load. 

NASA Langley Research Center 
Hampton, VA 23665 
March 12, 1985 
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A ,  deg 

(a) Low-energy turbulent flow. 
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deg 

(b) High-energy turbulent flow. 

Figure 29. Effect of flow angularity on total heat load in turbulent flow. W = 0.070 in. 
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(a) Low-energy turbulent flow. 
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(b) High-energy turbulent flow. 

Figure 30. Effect of gap width on total heat load in turbulent flow. A = 459 
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(a) Heating distribution across front face (side 1) with nominal step height of 0.035 in. Test 19. 
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(b) Ratio of heating with step to heating with no step across side 1. Tests 19 and 17, respectively. 

Figure 31. Increased heating due to raised tile. Dimensions are given in inches unless otherwise specified. 
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